Abstract. Rising atmospheric [CO 2 ] is associated with increased air temperature, and this warming may drive many rare plant species to extinction. However, to date, studies on the interactive effects of rising [CO 2 ] and warming have focussed on just a few widely distributed plant species. Wollemi pine (Wollemia nobilis W.G.Jones, K.D.Hill, & J.M.Allen), formerly widespread in Australia, was reduced to a remnant population of fewer than 100 genetically indistinguishable individuals. Here, we examined the interactive effects of three [CO 2 ] (290, 400 and 650 ppm) and two temperature (ambient, ambient + 4 C) treatments on clonally-propagated Wollemi pine grown for 17 months in glasshouses under wellwatered and fertilised conditions. In general, the effects of rising [CO 2 ] and temperature on growth and physiology were not interactive. Rising [CO 2 ] increased shoot growth, light-saturated net photosynthetic rates (A sat ) and net carbon gain. Higher net carbon gain was due to increased maximum apparent quantum yield and reduced non-photorespiratory respiration in the light, which also reduced the light compensation point. In contrast, increasing temperature reduced stem growth and A sat . Compensatory changes in mesophyll conductance and stomatal regulation suggest a narrow functional range of optimal water and CO 2 flux co-regulation. These results suggest A sat and growth of the surviving genotype of Wollemi pine may continue to increase with rising [CO 2 ], but increasing temperatures may offset these effects, and challenges to physiological and morphological controls over water and carbon trade-offs may push the remnant wild population of Wollemi pine towards extinction.
[CO 2 ] than they currently experience (Cowling and Sage 1998; Körner 2006; Gerhart et al. 2012; Tissue and Lewis 2012) . And, comparatively little is known about the interactive effects of rising [CO 2 ] and temperature on trees (Ghannoum et al. 2010a; Smith et al. 2012) , despite predicted temperature increases of 1.7 to 4.4 C by the year 2100 (Solomon et al. 2007) . Clearly, predicting the responses of rare tree species to climate change requires a better understanding of their responses to preindustrial, modern and future [CO 2 ] and higher air temperature.
Long-lived plant species with low genetic variation and reproductive rates may be particularly susceptible to extinction as a result of climatic changes because they lack the capacity to sufficiently evolve or migrate in response to rapid increases in [CO 2 ] or temperature. For example, members of the Araucariaceae, which were once dominant in Australia and initially evolved under conditions of comparatively high [CO 2 ] (Haworth et al. 2011) , are thought to have been reduced to remnant stands in part by low [CO 2 ] (Robinson 1994) and previous changes in climate (Kershaw 1994; Gallagher et al. 2003) ; projected climate change may drive these C 3 species to extinction (Offord 2011) . Only three extant genera of Araucariaceae remain, and one species, Wollemi pine (Wollemia nobilis W.G.Jones, K.D.Hill, & J.M.Allen), exists as fewer than 100 individuals in the wild. Wollemi pine may be particularly constrained in its response to climate change, in part due to its small population size. Although Wollemi pines date back~100 million years (MacPhail et al. 1995; Zonneveld 2012) , all living individuals are genetically indistinguishable (Setoguchi et al. 1998; Peakall et al. 2003) , with some of these trees 400-450 years old (Banks 2002) . Accordingly, Wollemi pine has limited genetic variation to support evolutionary responses to future climate change (Kirschbaum 1994) .
The limited genetic variation and pre-industrial origins of living Wollemi pine suggests the species has undergone a severe genetic bottleneck where most genotypes failed to survive, but the surviving genotype had sufficient physiological plasticity to cope with increases in [CO 2 ] and temperature over the last 400-450 years. Photosynthesis plays a central role in plant carbon dynamics, and abundant research has established the key roles of stomatal conductance (g s ), leaf nutrient concentrations, leaf temperature and light availability in regulating photosynthetic responses to long-term increases in [CO 2 ]. Elevated [CO 2 ] generally is associated with reduced g s (Medlyn et al. 2001; Lewis et al. 2002a) and leaf nitrogen concentrations ([N]) ; although the relative effects may vary among species (Medlyn et al. 2001; Ainsworth and Rogers 2007 ), reduced g s has been observed in Wollemi pine grown under elevated [CO 2 ] (Haworth et al.2011) .
The effects of rising [CO 2 ] on photosynthetic responses to temperature and light are more ambiguous, although the theoretical basis for predicting the interactive effects of rising [CO 2 ] and temperature on photosynthesis is well established. Increasing temperature is predicted to increase the relative response of photosynthesis to elevated [CO 2 ] as a result of interactive effects that increase the carboxylation efficiency of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) (Long 1991) . However, although some studies report increases in temperature optima (Lewis et al. 2001; Ghannoum et al. 2010b) and shifts in the light response of photosynthesis (Lewis et al. 1999; Bunce 2014) , other studies report no clear effect of elevated [CO 2 ] on photosynthetic responses to temperature (Tjoelker et al. 1998; Stinziano and Way 2014) or light (Long and Drake 1991; Grulke et al. 1993) . Similarly, empirical studies of the interactive effects of rising [CO 2 ] and temperature on these relationships in tree seedlings have yielded mixed results (Lewis et al. 1999; Lewis et al. 2004; Ghannoum et al. 2010b) , and little is known about how past increases in [CO 2 ] have affected these relationships .
Our primary objective in this study was to examine the effects of rising [CO 2 ] and temperature on Wollemi pine plants to better understand potential effects of climate change on a species with limited genetic diversity. More specifically, we examined the growth and physiology of Wollemi pine under pre-industrial [CO 2 ], and determined the effects of predicted future increases in [CO 2 ] and temperature on these traits. We hypothesised that: (i) rising [CO 2 ] and increasing temperature would interactively affect plant growth; (ii) rising [CO 2 ] and increasing temperature would interactively affect net photosynthetic rates (A); and (iii) photosynthetic responses to rising [CO 2 ] and increasing temperature would be associated with changes in the relationships between A and g s , mesophyll conductance (g m ), light, temperature and leaf [N] . Climate change effects on seedlings have a much larger impact on population dynamics and survival compared with effects on larger trees (Lewis et al. 2013) . Accordingly, our focus on the most susceptible life stage in Wollemi pine ) is likely to provide crucial information for predicting the effects of future climate change on remnant populations of this species.
Materials and methods

Plant material and growth conditions
Wollemi pine (Wollemia nobilis W.G.Jones, K.D.Hill & J.M. Allen) plants were obtained as one-year-old, clonallypropagated, potted plants from the Australian Botanic Garden (Mount Annan, NSW, Australia). Plants were planted one per pot in 2.4 L plastic pots filled with a potting mix consisting of 1.5 : 0.5 : 1 (v/v/v) coir peat, sand and Perlite, respectively, supplemented with lime, dolomite, iron sulfate, Micromax and Nutricote (N:13; Sungro Horticulture, Bellevue, WA, USA). The plants were randomly assigned to six adjacent, naturally sun-lit and temperature-controlled glasshouse compartments. Plants were grown under 50% shade cloth to provide optimal light intensities for ex situ Wollemi pine growth (Pohio et al. 2005) . Pots were watered twice a week to through-flow with tap water. During the growing season (December-February), pots were watered~every 6 weeks with Aquasol fertiliser (N: 23%, P: 4%, K:18%, Zn: 0.05%, Cu: 0.06%, Mo: 0.0013%, Fe: 0.06%, Bo: 0.01%; Yates Australia, Padstow, NSW, Australia) at a concentration of 2 g L -1
. Plants were spot sprayed with Confidor pesticide (Bayer CropScience, Melbourne, Vic, Australia), at a concentration of 1 g L -1 , when pests (golden mealy bug (Nipaecoccus aurilanatus) and aphids (Aphis spp.)) were detected.
The six glasshouse bays were separated into six factorial combinations of two temperature and three [CO 2 ] regimes. Temperature and [CO 2 ] were maintained as described in work by Ghannoum et al. (2010a) . In brief, three bays tracked local (Richmond, NSW, Australia) ambient temperature (i.e. ambient temperature treatment) and three bays were maintained at ambient + 4 C (i.e. elevated temperature treatment). Air temperature was kept constant during the night and midday periods; temperature was stepped up and down in two 4 C steps before and after the midday period. Average temperatures for the ambient and elevated temperature treatments were 26/18 and 30/22 C (day/night) respectively. The temperature set point was maintained within +4 C and À2 C for 100% of the time. Within each temperature treatment, bays were automatically regulated to maintain pre-industrial (280 ppm), ambient (400 ppm) and elevated (640 ppm) [CO 2 ]. Actual average daytime [CO 2 ] during the study period for the pre-industrial, ambient and elevated treatments was 290, 400 and 650 ppm respectively. The CO 2 set point was maintained within AE 20 ppm of the target 82-86% of the time across bays. Mixing bottled CO 2 with ambient air (d C corresponded to average values determined (for the corresponding treatment) throughout the experiment, coinciding with gas exchange analyses. Average vapour pressure deficits in the bays over the growing season in the ambient temperature treatment were 1.49, 1.69 and 1.62 kPa in the pre-industrial, ambient and elevated [CO 2 ] treatments, respectively, and in the elevated temperature treatment were 1.17, 1.67 and 1.67 kPa in the pre-industrial, ambient and elevated [CO 2 ] treatments respectively. Plants were rotated within glasshouse bays on a fortnightly basis and between glasshouse bays on a bi-monthly basis to minimise the impact of glasshouse bay environmental variation on plant responses to the [CO 2 ] and temperature treatments.
Growth measurements
Seventeen months (April 2010) after the initiation of [CO 2 ] and temperature treatments, six plants from each of the treatment combinations were harvested and separated into leaf and stem tissue. Leaves were further separated into new growth, corresponding to leaves produced since the initiation of treatments, and initial leaf tissue, corresponding to leaves produced before the initiation of treatments. Total projected leaf area of initial leaf tissue and new growth was measured using a portable leaf area meter (LI-3100A, Li-Cor Biosciences Inc., Lincoln, NE, USA). Harvested tissue was oven-dried at 70 C until completely dry (approximately 1 week) and then massed. For each plant, leaf mass per unit leaf area (LMA) was calculated as total leaf dry mass/total leaf area. Leaf area per unit shoot dry mass (LAR) was calculated as total leaf area/total shoot dry mass. Photosynthetic CO 2 response curves AC i response curves were measured 15 months (February 2010) after treatments were initiated. Curves were measured on 9-10 plants in each treatment using protocols previously described (see 'Leaf physiology' above), except that external [CO 2 ] (C a ) was applied after equilibration at the ambient growth [CO 2 ] and the cuvette temperature was maintained at 20 C; C a was varied 11 times between 75 ppm and 2000 ppm. Measurements were automatically recorded at each C a set-point when photosynthesis had equilibrated, which was typically 1-2 min after a stable C a setpoint had been achieved. Gas exchange measurements at the growth C a were used to determine L s (relative stomatal limitation of photosynthesis). L s was calculated as L s = (A 0 -A)/ A 0 , where A 0 denotes the net rate of CO 2 assimilation if stomatal resistance were zero (i.e. C i = C a ) (Farquhar and Sharkey 1982) . AC i curves were also used to estimate A max (the maximum A observed at saturating Q and C a ), V cmax (apparent, maximal Rubisco-limited rate of photosynthesis), J max (apparent, maximal electron transport-limited rate of photosynthesis) and TPU (triose phosphate utilisation limitation of photosynthesis). V cmax , J max and TPU were estimated following Sharkey et al. (2007) using the temperature parameterisation described in work by Bernacchi et al. (2003) and without constraining mesophyll conductance.
Leaf physiology
Photosynthetic light response curves AQ curves were measured 15 months after initiation of [CO 2 ] and temperature treatments. AQ curves were measured on nine to 10 plants in each treatment using protocols described for leaf physiology measurements (see 'Leaf physiology' above) at other measurement periods except that Q was adjusted in 12 steps, decreasing from 1000 to 0 mmol m -2 s -1
. Measurements were automatically recorded at each Q set-point when photosynthesis had equilibrated, which was typically 1-2 min after a stable Q set-point had been achieved.
The AQ curves were individually analysed following Lewis et al. (2000) using the non-rectangular hyperbolic model (Prioul and Chartier 1977; Leverenz and Jarvis 1979; Marshall and Biscoe 1980) :
where PPFD is the incident photosynthetic photon flux density, A is the photosynthetic rate, F is the maximum apparent quantum yield (the initial slope of the curve), Q is the convexity of the light response curve, and A sat is the light-saturated photosynthetic rate.
To obtain a correct intercept on the y-axis (Shapiro et al. 2004) , an additional term was added to the photosynthetic rate. This term was used as an estimate of the daytime non-photorespiratory respiration rate in the light (R L ). For some curves, the model fitted the curve poorly at low irradiances. For these curves, F and R L were calculated by linear regression analysis of data below a PPFD of 100 mmol m -2 s -1 . The light compensation point (G) was calculated for each curve as the PPFD at which the net photosynthetic rate equalled zero.
Photosynthetic temperature response curves
The response of A to leaf temperature (T L ) was measured at 14 months after the initiation of [CO 2 ] and temperature treatments. Temperature response curves were measured as described above (see 'Leaf physiology') except that five plants were randomly selected from each treatment and, for each plant, leaf temperature was adjusted in seven steps, increasing from~10 to 40
C. Temperature was adjusted as described in Ghannoum et al. (2010b) . In brief, the A/T L curves were measured by raising the block temperature of the leaf cuvette in seven steps (10, 15, 20, 25, 30, 35 and 40 C) ; all plants were measured at the same temperature before the block was stepped up to the next temperature, and plants were allowed to equilibrate for 30 min before the next measurement period. Concurrent to increasing the block temperature, the temperature of the glasshouse room where plants were measured was also raised to the same target temperature, to keep the entire plant at the same temperature as the measurement leaves.
The rate of O 2 evolution under CO 2 -and light-saturated conditions is a common and direct measure of the capacity for photosynthesis (Logan et al. 2010) . We measured the response of photosynthetic O 2 evolution at different temperatures on leaves similar in development and exposure to those used for photosynthetic gas exchange measurements. Detached leaves of known area were held in covered Petri dishes with moist filter paper and transported to the laboratory, where measurements were initiated 5 to 20 min after collection. Measurements were conducted at 1600 mmol photons m -2 s -1 using a gas-phase O 2 electrode (Model LD-2 equipped with LS-2 light source, Hansatech, King's Lynn, UK) according to the protocols in work by Delieu and Walker (1981) . We increased the measurement temperature in four steps, from 10 to 40 C, by circulating water, at the target temperature, around the electrode chamber. The air in the chamber was gently replaced with expired air before measurements to achieve CO 2 saturation, as in Li et al. (2000) , Wheelwright and Logan (2004) and Logan et al. (2009) .
Stomatal behaviour and mesophyll conductance
In order to understand the potential coordination of leaf-level photosynthetic biochemistry within the hydraulic structure and control over environmental fluxes in intact leaves, the sensitivity of stomatal conductance to variation in light was evaluated using Gain analysis, as outlined in Huxman and Monson (2003) . Briefly, restricted-range light (50-750 mmol m -2 s -1
) and CO 2 (150-800 ppm) response curves were utilised with a focus on deconstructing the direct and indirect response of stomata to a change in light intensity. The direct and indirect responses operate either through sensing and localised metabolism in guard cells (Zieger 1983) , or the integrated photosynthetic dynamics of the mesophyll and information transfer to stomata (Wong et al. 1978) respectively. Over finite intervals of C i and Q, we calculated the overall and component stomatal responses as constrained by internal CO 2 sensitivities and changes in stomatal conductance while holding C i constant (e.g. see Huxman and Monson 2003) . We then used these functions to evaluate a hypothetical change in conductance arising from a 100 mmol m -2 s -1 drop in irradiance.
Similarly, we evaluated the impacts of changes in the internal structures of leaves (mesophyll conductance, g m ) from long-term exposure to our environmental treatments for components of the CO 2 diffusion pathway that are important in controlling photosynthetic fluxes of CO 2 . We measured g m through the use of steady-state isotope fluxes coupled with photosynthetic calculations from open-flow gas exchange (e.g. see Barbour et al. 2007; Jahan et al. 2014) . In brief, while measuring CO 2 fluxes with a LI-6400 photosynthetic system, we sampled gases into a tunable diode laser (Campbell Scientific, Logan, UT, USA) to measure the individual concentrations of varying isotopes of CO 2 and compare the measured value of discrimination to the expectation derived from the model developed by , and employed in Jahan et al. (2014) .
C and N isotope and content analysis
Subsamples of leaf, shoot and root tissue were collected at the end of the experiment (April 2010). Samples were dried at 60 C for 48 h before analysis. Samples were analysed to determine the C and N isotope composition using a Flash 1112 Elemental Analyser (Carbo Erba Instrumentazione, Milan, Italy) coupled to an IRMS Delta C isotope ratio mass spectrometer through a Conflo III Interface (Thermo-Finnigan, Dreieich, Germany). Results of carbon isotope ratio analyses are reported in per mil (‰) on the relative d-scale, as d 13 C, and referenced to the international standard V-PDB (Vienna Pee Dee Belemnite) according to the following equation:
where R is the N and C content were determined on leaf, shoot and root samples collected from three plants in each treatment. After drying at 60 C for 48 h, samples were ground to powder before analysis. N and C content were determined at the Serveis Cientifico-Técnics of the University of Barcelona (Barcelona, Spain) using an elemental analyser (EA1108, Series 1; Carbo Erba Instrumentazione).
Air samples from each greenhouse compartment were collected daily. Air samples were collected using 50 mL syringes (SGE International Pty Ltd, Melbourne, Australia), and stored in 10 mL vacutainers (BD Vacutainers, Plymouth, UK), before analysis by gas chromatography-combustionisotope ratio mass spectrometry (GC-C-IRMS).
Statistical analyses
This study tested the interactive effects of growth [CO 2 ] and temperature on growth and photosynthesis in Wollemi pine plants. Statistical tests were conducted using R version 2.10.1 (R Core Development Team, Vienna, Austria). Two-way ANOVA was used to test the main and interactive effects of growth [CO 2 ] and temperature on variables measured at only one period, with growth [CO 2 ] treated as a fixed, quantitative factor and growth temperature treated as a fixed, categorical factor. For photosynthetic measurements that were conducted at multiple time periods (i.e. A sat , g s , C i /C a ), three-way ANOVA was used to test the main and interactive effects of growth [CO 2 ], growth temperature and measurement period on these variables, with growth [CO 2 ] and measurement period treated as fixed, quantitative factors, and growth temperature treated as a fixed, categorical factor. The measurement period was treated as a main effect rather than a repeated-measure because photosynthetic measurements were conducted on randomly-selected plants at each time period. Normal probability plots and plots of residuals versus predicted values were used to assess whether data violated the assumptions of normality and homogeneity of variances. For significant two-and three-way interactions, pair-wise comparisons of means were conducted using Tukey's HSD test. In all analyses, test results were considered significant when P 0.05.
Results
In this study, we examined the main and interactive effects of rising [CO 2 ] and elevated temperature on growth and photosynthetic properties of Wollemi pine. In general, rising [CO 2 ] increased growth and carbon gain (Table 1) . Elevated temperature had fewer effects, and these generally were negative (Table 1) 
Growth
Stem dry mass, new leaf dry mass (the dry mass of leaves produced after onset of the treatments), total leaf dry mass and total shoot dry mass increased with rising [CO 2 ] (Tables 1, 2) . New leaf, total leaf and shoot dry masses did not vary with growth temperature, although stem dry mass was 29% less in plants grown in elevated temperature compared with those grown in ambient temperature (Tables 1, 2 ). Initial leaf dry mass (the dry mass of leaves produced before the onset of treatments) and total leaf area did not clearly vary with rising [CO 2 ] or between temperature treatments (Tables 1, 2) .
The effect of rising [CO 2 ] on leaf mass per unit leaf area (LMA) and leaf area per unit shoot dry mass (LAR) significantly varied with growth temperature (Tables 1, 2) . LMA increased with rising [CO 2 ] in both temperature treatments, but the increase was larger in the ambient temperature treatment compared with the elevated temperature treatment. LAR decreased with rising [CO 2 ] in both temperature treatments, and the decrease was greater in the ambient temperature treatment compared with the elevated temperature treatment. There were no other significant interactions between [CO 2 ] and temperature treatment on growth (Table 1) .
Leaf physiology
In general, rising [CO 2 ] increased light-saturated net photosynthetic rates (A sat ), although the relative magnitude of the effect decreased with increasing growth temperature and over time ( Fig. 1 ; P < 0.005 in both cases). The decrease in response to rising [CO 2 ] over time was due to increases over time in A sat in the pre-industrial and ambient [CO 2 ] treatments; A sat in the elevated [CO 2 ] treatment was comparatively constant over time (Fig. 1) . Fig. 1 ). In contrast to the effects of rising [CO 2 ] on A sat and g s , the effect on C i /C a was consistent across measurement periods (P = 0.801). However, C i /C a declined more over time in the ambient temperature treatment compared with the elevated temperature treatment (P = 0.020).
Photosynthetic CO 2 response curves
Representative AC i curves are shown in Fig. 2 . Elevated temperature was associated with a 14% reduction in the apparent maximal electron transport-limited rate of photosynthesis (J max ), and a 17% reduction in triosephosphate utilisation (TPU) capacity (Tables 1, 3 ). Because the apparent maximal Rubisco-limited rate of photosynthesis (V cmax ) did not vary with temperature (Table 1) , elevated temperature was also associated with a significant reduction in J max /V cmax (Table 1) .
In (Table 3) .
Relative stomatal limitation of photosynthesis (L s ) decreased with rising [CO 2 ], but did not vary with temperature (Tables 1, 3) . The non-photorespiratory respiration rate estimated from the AC i curves did not vary with either [CO 2 ] or temperature treatment (Table 1 ). There were no significant interactions between [CO 2 ] and temperature treatment on variables estimated from AC i response curves (Table 1) .
Photosynthetic light response curves
Representative AQ curves are shown in Fig. 3 . A sat and apparent maximum quantum yield (F) increased with rising [CO 2 ], whereas the non-photorespiratory respiration rate estimated from the AQ curves (R L ) declined with rising [CO 2 ] (Table 1) , although the absolute magnitude of the effect was small (Table 4) . As a result of the increase in F and decrease in R L , the light compensation point (G) significantly decreased with rising [CO 2 ] (Table 1) . In contrast to the effects of rising [CO 2 ], A sat , F, G and R L did not clearly vary with increasing temperature (Table 1) . Further, although the effect of rising [CO 2 ] on A sat appeared to be larger in the ambient temperature treatment, this trend was not statistically significant (Table 1) . Similarly, there were no significant interactions between [CO 2 ] and temperature treatment on F, G or R L (Table 1) .
Photosynthetic temperature response curves
The response of A sat to increasing leaf temperature from~10 to 40 C is shown in Fig. 4 . In general, A sat decreased with increasing leaf temperature, and there were no clear effects of either [CO 2 ] or temperature treatment on this pattern. The response of photosynthetic capacity for O 2 evolution, measured under CO 2 -and light-saturated conditions using an O 2 electrode, to increasing measurement temperature from 10 to 40 C is shown in Fig. 5 . Photosynthetic capacity increased with increasing measurement temperature and rising [CO 2 ], but was lower in the elevated compared with the ambient temperature treatment (Table 1; Fig. 5 ). Although it appeared that the effects of rising [CO 2 ] on photosynthetic capacity varied with measurement temperature and temperature treatment, these trends were not statistically significant (Table 1) .
Stomatal behaviour and mesophyll conductance
Mesophyll conductance to CO 2 (g m ) varied across the [CO 2 ] and temperature treatments. In both pre-industrial and elevated [CO 2 ], g m was restricted to low values and showed no temperature effects (Fig. 6) . However, at ambient [CO 2 ], g m was~70% more at elevated compared with ambient temperature. Additional changes in the diffusional pathway occurred in this system. For example, owing to these changes in g m and the above described ] due to increased F and reduced R L , which, in turn, reduced the light compensation point (G). In contrast, increasing temperature reduced stem mass production and A sat , while altering components of the diffusional pathway for photosynthetic gases, reducing the indirect response of stomata to changes in light, and increasing mesophyll conductance. Reductions in A sat with increasing temperature were associated with reductions in photosynthetic capacity, as measured both in the presence (A max ) and absence (O 2 evolution) of photorespiration, as well as the temperature response of photosynthesis. Moreover, the negative effects of elevated temperature generally were consistent among [CO 2 ] treatments. These results suggest that while rising [CO 2 ] may increase net carbon gain and mass production of Wollemi pine under current climate conditions, increasing temperatures may offset the positive effects of rising atmospheric [CO 2 ] and alter the coordination of photosynthetic gas exchange regulation in the diffusional pathway between stomatal and non-stomatal components.
Effects of rising [CO 2 ] and increasing temperature on growth
Rising [CO 2 ] and increasing temperature did not interactively affect growth, in contrast to our hypothesis that the effects would be interactive. Although some studies observe interactive effects of rising [CO 2 ] and increasing temperature on growth (Ghannoum et al. 2010a) , the lack of interactive effects in our study are consistent with studies on a wide range of species Table 2 . (Baker et al. 1990; Dippery et al. 1995; Ward et al. 1999; Gill et al. 2002) . This commonly observed response reflects the relative response of photosynthesis to short-term increases in [CO 2 ], which is generally greatest at low [CO 2 ] (Farquhar et al. 1980; Farquhar and Sharkey 1982) , and to reductions in A max during long-term exposure to elevated [CO 2 ]. Accordingly, the response pattern in our study may reflect [CO 2 ] effects on photosynthesis, as A sat increased with rising [CO 2 ] and rising [CO 2 ] did not clearly affect A max . Further, although changes in leaf area and leaf area ratio (LAR, the ratio of leaf area to unit shoot dry mass) may affect growth responses to rising [CO 2 ] (e.g. Lewis et al. 2002b; Ghannoum et al. 2010a) , rising [CO 2 ] did not affect leaf area in this study and led to a reduction in LAR. Although our results contrast with some previous studies on herbaceous species, they are generally consistent with other studies on tree species (Ghannoum et al. 2010a; Lewis et al. 2010) , and the prediction that growth responses to past and future [CO 2 ] may reflect the response of A sat to [CO 2 ].
The direct link between photosynthetic and mass production responses to rising [CO 2 ] was supported by analysis of leaf, stem and root d 13 C. We were able to characterise C assimilation and further partitioning into different organs using this approach (von Felten et al. 2007; Aranjuelo et al. 2011) and found that compared with current [CO 2 ], plants grown in elevated [CO 2 ] had a higher presence of C fixed during the experimental period than plants grown at pre-industrial [CO 2 ], reflecting higher photosynthetic rates with rising [CO 2 ]. Subsequently, we can conclude that the direct effect of elevated [CO 2 ] on photosynthesis was translated into greater mass production in aboveground dry mass production.
In contrast to the stimulatory effect of rising [CO 2 ] on shoot mass production, increased growth temperature negatively affected stem production, but did not affect leaf or shoot production. A review of the literature by Way and Oren (2010) suggests tropical trees and evergreen trees, such as Wollemi pine, may be more prone to growth reductions when grown under elevated temperature conditions. In addition, the substantial reduction in stem production was consistent with other studies on Wollemi pine, which suggest that increasing temperatures negatively affect the distribution of Wollemi pine, and may be a critical factor in the long term decline in the abundance and distribution of this species (Offord 2011 Table 3 .
Other studies have reported a mix of additive (Tjoelker et al. 1998; Lewis et al. 2001; Ghannoum et al. 2010b; Stinziano and Way 2014) and interactive (Kellomäki and Wang 1996; Lewis et al. 1996) As an integrator of plant response across the entire treatment period, the fact that (compared with the corresponding ambient temperature treatment), plants exposed to elevated [CO 2 ] and elevated temperature had lower A sat and labelled C in their total organic matter indicates those leaves were composed of a larger amount of pre-label C (with higher d 13 C values). Taken together, our results suggest that the response of A sat to rising [CO 2 ] and increased temperature primarily reflected effects of temperature on g s rather than changes in photosynthetic machinery.
In addition to direct effects on g s , elevated temperature also altered the light sensitivity of g s , and altered the response of mesophyll conductance (g m ) to the [CO 2 ] treatments. These changes altered the balance between stomatal and nonstomatal constraints on [CO 2 ] diffusion, altering both C i and the contribution of g s to water-use efficiency in the pre-industrial and elevated [CO 2 ] treatments. The so-called 'CO 2 feedback loop', whereby changes in mesophyll metabolism influence stomata, is a potentially important component of the manner in which g s contributes to water-use efficiency (e.g. Huxman and Monson 2003) . In the ambient [CO 2 ] treatment, the observed reduction in g s with increasing temperature was partially offset by changes in g m . However, the lack of coordination between g m and g s in the other [CO 2 ] treatments may highlight a decoupling of control of stomata for maintaining optimal water and carbon fluxes under [CO 2 ] and temperature conditions outside of recent environmental conditions. These negative effects of elevated temperature are similar to the negative effects observed on stem growth, and provide additional evidence that the benefits of rising [CO 2 ] on Wollemi pine physiology may be at least partially offset by rising temperatures.
While A max did not clearly vary with rising [CO 2 ], increasing temperature was associated with a significant reduction in A max across [CO 2 ] treatments, particularly in the apparent maximum electron transport capacity (J max ), such that the J max /V cmax ratio also declined with increasing temperature. Reductions in A max are often associated with rising [CO 2 ] (Wong et al. 1992; Turnbull et al. 1998; Tissue et al. 1999; Evans et al. 2000; Ellsworth et al. 2004) , reflecting in part reductions in leaf [N] (Griffin et al. 2000; Lewis et al. 2004; Ainsworth and Rogers 2007) or leaf C source-sink imbalance (Moore et al. 1999; Lewis et al. 2002b; Aranjuelo et al. 2013) . The lack of [CO 2 ] effect on photosynthesis despite a general decline in leaf [N] with rising [CO 2 ] may reflect increased C sink capacity associated with declines in LAR. According to the source-sink hypothesis, increases in C sink capacity relative to source activity (e.g. decreases in LAR) may enable plants to maintain A max as [CO 2 ] rises (Moore et al. 1999; Lewis et al. 2002b; Aranjuelo et al. 2013 (Shapiro et al. 2004; Stinziano and Way 2014) . However, R L often shows acclimation to elevated temperature (Atkin et al. 2005; Tjoelker et al. 2008; Way and Sage 2008) , as was observed in this study. The limited effects of rising temperature on net carbon gain suggest that rising temperature is likely to negatively affect growth of Wollemi pine. We also examined the response of photosynthesis to shortterm changes in temperature. Unlike the stimulatory effects of rising [CO 2 ] on net carbon gain, and the inhibitory effects of increasing temperature on A max , neither rising [CO 2 ] nor increasing temperature affected the short-term temperature response of photosynthesis. Across treatments, A sat generally declined as temperature increased from 10 to 40 C. This pattern is consistent with the effects of elevated temperature on A sat and growth in our study, and other studies that suggest that increasing temperature negatively affects the growth and distribution of Wollemi pine (Offord 2011) . Because A sat declined across our experimental range of temperatures, we were not able to examine whether either rising [CO 2 ] or temperature affected the photosynthetic temperature optima, which other studies have reported to shift in response to rising [CO 2 ] and temperature (Lewis et al. 2001; Ghannoum et al. 2010b) . Accordingly, even though our results are consistent with other studies that suggest acclimation of short-term temperature response to increasing temperature, it is not clear whether the temperature optimum shifted.
Conclusions
Wollemi pine increased growth with rising [CO 2 ], and the growth response appeared to be larger between the transition from ambient to elevated [CO 2 ] compared with the transition from pre-industrial to ambient [CO 2 ]. These patterns suggest that, due to its evolutionary history and limited genetic diversity, the sole surviving genotype of Wollemi pine has sufficient phenotypic plasticity to increase growth in response to projected future increases in [CO 2 ]. The effects of rising [CO 2 ] were in contrast to the effects of temperature. Although rising [CO 2 ] increased growth, A sat and net carbon gain, increasing temperature reduced stem growth and A sat , as well as photosynthetic capacity (as measured by both A max and O 2 evolution), and altered the balance between stomatal and nonstomatal conductance. The responses of A sat to rising [CO 2 ] and temperature were associated with parallel changes in g s , suggesting that g s may be a key factor regulating effects of climate change in Wollemi pine, as in other plant species. In addition, the effects of temperature treatments on mesophyll conductance and stomatal responsiveness to light suggest future climates will pose challenges to morphological and physiological controls over water and carbon trade-offs. Accordingly, our results suggest that the surviving genotype of Wollemi pine may continue to respond to rising atmospheric [CO 2 ], but increasing temperatures will at least partially offset the stimulatory effect of rising [CO 2 ]. As a result, our study suggests climate change may further push remnant populations of Wollemi pine towards extinction. 
